Topological defects in magnetism have attracted great attention due to fundamental research interests and potential novel spintronics applications. Rich examples of topological defects can be found in nanoscale non-uniform spin textures, such as monopoles, domain walls, vortices, and skyrmions.
I. Introduction
Topological defects such as monopoles, domain walls, vortices, and skyrmions play crucial roles in low dimensional magnetic systems [1] , where topological features dominate their magnetic and dynamic properties. Examples include the switching of vortex core polarity via creation/annihilation of vortex -antivortex pair [2] , magnetization reversal via soliton pair creation [3] , topological protection of skyrmions [4] and domain walls [5] . Among these spin textures, magnetic skyrmions [6, 7, 8] have attracted increasing attention owing to the ultralow current density threshold to move them [9, 10, 11, 12] .
Magnetic skyrmions are nanometer-sized circular quasiparticles that have homo-chiral spin textures [4, 12] , where the nature of the magnetic chirality can be realized by several mechanisms, such as the antisymmetric exchange interaction, namely the Dzyaloshinskii-Moriya interaction (DMI) [13, 14, 15, 16, 17] , four spin interactions [18] , artificial confinement in patterned structures [19, 20, 21] , or the competing exchange interactions [22.23] . In case of the DMI, broken inversion symmetry of the system is required as the interaction vanishes in symmetric systems. The DMI energy term can be written as DM = −
• ( × ), where and are two spins on neighbouring atomic sites and , and is the vector characterizing the DMI. Magnetic skyrmions have been observed experimentally in non-centrosymmetric bulk magnets [4, 9, 10, 24, 25] , ultra-thin films where the inversion symmetry breaks at the interface [15, 26, 27, 28, 29, 30] , and artificial structures [19, 20, 21] .
Experimental observations of magnetic skyrmion states have motivated studies on their creation [27, 31] , manipulation [31, 32, 33] and electric detection [34] in the presence of electric current [9, 10, 11, 27, 31, 32] as well as magnetic field [9, 10, 11, 27, 28, 29, 30, 31] . For possible skyrmionic memory and logic device applications envisioned so far, current-driven propagation of magnetic skyrmions is highly relevant to device performance, with two key parameters being the critical current for skyrmion propagation and the maximum propagation speed. Theoretical studies predict that skyrmions propagate along trajectories away from the current direction due to the Magnus force [4, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44] , following the so-called skyrmion Hall effect, which has been recently observed in Né el-type skyrmions in thin film systems [45, 46] . Theoretical studies have further proposed that the skyrmion Hall effect can be suppressed by zeroing the net topological charge in two coupled skyrmions with opposite topological charges, either in antiferromagnetically-coupled trilayers with skyrmions on both sides [47] , or in skyrmions in antiferromagnetic materials [48] .
Magnetic antiskyrmions are topologically non-trivial chiral spin quasiparticles that may occur in cases where the magnetic chirality is anisotropic (as opposed to skyrmions with isotropic in-plane chirality). They have received less attention up to now [4, 49, 50, 51, 52] . These theoretical works predict that antiskyrmions can be stabilized in materials belonging to the crystallographic class D 2d [53] , as well as in frustrated exchange interaction systems [50] and in dipolar magnets [52] .
In this work, we focus on the energetics of magnetic antiskyrmions in the presence of anisotropic interfacial DMI, and further explore their electric current-driven dynamics. We provide a phase diagram of spin configurations including skyrmions, antiskyrmions and multidomains (spin spirals) in a 2D space of the DMI vector along two orthogonal in-plane directions. We show that the topological charge of the antiskyrmions may also induce a Magnus force-associated propagation deviation, i.e. an antiskyrmion Hall effect. Moreover, we find that the anisotropic spin texture of antiskyrmions gives rise to significant anisotropy in the skyrmions' response to applied electric current, i.e. the antiskyrmion Hall angle (between propagation direction and current direction) strongly depends on the applied current direction with respect to the internal spin texture of antiskyrmions. Indeed the antiskyrmion Hall angle ranged from positive to negative, even crossing zero degree for certain current directions. This tunability of the antiskyrmion Hall angle is a new degree of freedom that enables the control of trajectories of topological quasiparticles, which might be useful in skyrmionics-based memory or logic devices. We also investigate the current-driven dynamics of a coupled skyrmion-antiskyrmion pair in which the Magnus force of the skyrmion and antiskyrmion can be cancelled.
II. Stabilization of antiskyrmions by anisotropic DMI
We first discuss differences in the mechanisms that stabilize skyrmions and antiskyrmions. At the interface between a thin magnetic film and a heavy metal adjacent layer the DM vector between spins and on atomic sites and usually lies within the film plane and normal to the distance vector [17, 18] . Note that the orientation of the vector plays a critical role in determining the chiral spin configuration. Generally, skyrmion configurations result from isotropic interfacial DMI [17, 18, 26, 27, 28, 29, 30, 31] , i.e. in systems where the vector is either parallel or antiparallel to × , where is interface normal direction [17] . For instance, in a four-fold symmetric system such as an fcc(001) interface, four vectors at four sites ( = 1,2,3,4)
adjacent to an atom at site (see Fig. 1(a) ) can be written as 1 = 1̂, 2 = − 2̂, 3 = − 3̂, 4 = 4̂, respectively, where is strength of the DMI vector on sites, and ̂ and ̂ correspond to the unit vector along the x and y axis, respectively. The DMI vectors on opposite sites are opposite, i.e. 1 = − 3 , and 2 = − 4 , so for simplicity we discuss the DMI vector configurations in 1 − 2 space in the rest of the paper. Most previous studies usually assumed that the interfacial DMI vectors on four sites have the same rotational sense [17] , e.g. the DMI vector configuration shown in Fig. 1(a) , resulting in same chirality along all in-plane directions ( Fig. 1(c) ).
Note that flipping the sign of all DMI vectors will reverse the magnetic chirality within skyrmions, but the topological charge remains the same for both chiralities when the cores of skyrmions point in the same direction ( Fig. 1(e) ) [4] .
In most previous studies it has always been assumed that the strengths of 1 and 2 are equal, a view that is generally accepted in systems with four-fold symmetry and in polycrystalline systems.
In contrast, atomic configurations with broken in-plane rotation symmetry at the interface may lead to anisotropic interfacial DMI [17] . . This anisotropic DMI configuration favours opposite chirality along x and y direction, which allows the stabilization of magnetic antiskyrmions ( Fig. 1(d) ). Note that the energies of dipolar interaction between skyrmions and antiskyrmions are slightly different due to the different length fraction of Né el-vs. Bloch-type domain walls on their boundaries. However the dipolar energies of opposite Né el-type (or Bloch-type) chiralities are degenerate [56, 57] , therefore dipolar interactions do not influence the anisotropic chirality of the antiskyrmions. Note also that the antiskyrmion shown in Fig. 1 (f) carries the opposite topological charge compared to the skyrmion sketched in Fig. 1 (e) [4] .
Next we discuss the possibility to stabilize antiskyrmions in nanodisks in the presence of anisotropic interface DMI. We performed micromagnetic simulations using the OOMMF code including the DMI [ 58 , 59 ] , and numerically calculated the relaxed micromagnetic state of 80-nm-wide 0.4nm thick nanodisks in zero field. As described in more detail in the Methods section, 
III. Simulated spin texture phase diagram in an anisotropic DMI system
It is interesting to explore further the spin configurations of such nanodisks under conditions where and are unbalanced [54, 55] . A phase diagram shown in Fig 
IV. Current-induced motion of antiskyrmions in nanotracks
Exploring the dynamical properties of antiskyrmions is fundamentally interesting, as these objects are a unique type of topologically charged quasiparticles. In this section we explore, by micromagnetic simulations, current-induced motions of skyrmions and antiskyrmions confined within nanotracks. For these simulations we implemented in the OOMMF code additional torque terms added to the LLG equation (see Methods) [58, 59] . A spin current polarized along + direction is injected vertically by the spin Hall effect [11, 60] . We simulated both skyrmions, under isotropic DMI ( , ), and antiskyrmions with equivalent size under anisotropic DMI ( , − ).
To highlight the importance of topology, the magnitudes of and are always kept to (Fig. 4(a) ). This is because antiskrymions can be slightly rotated by the spin-orbit torque during their motion -consequently, when antiskyrmions approach the track-edge as a result of strong spin current, the radial component of magnetization near the track edge is reduced and causes a weaker repulsive interaction between the antiskyrmion and the edge.
V. Anisotropic antiskyrmion Hall effect.
Inspired by theoretical predictions and experimental observations of the skyrmion Hall effect We expect that this unique property could significantly benefit the design of spintronic devices based on skyrmions and antiskyrmions. As shown in Fig. 4(b) , the maximum velocity of a single skyrmion or antiskyrmion is typically less than 100 m s −1 , limited by the competition between the skyrmion/antiskyrmion Hall effect and the edge confining force [11, 37, 47] . By patterning a nanotrack along the direction enabling zero antiskyrmion Hall angle as shown in Fig. 5(d) , the maximum velocity of antiskyrmions can potentially be greatly increased, allowing a faster and denser design of data technologies based on anitskyrmions.
VI. Coupled antiskyrmion-skyrmion pairs without skyrmion Hall effect.
Due to the skyrmion Hall effect, magnetic skyrmions may be annihilated at the edges of nanotracks in the presence of a significant current (Fig. 4(a) ), this effect limits the skyrmion motion speed in nanotracks. It was proposed that the skyrmion Hall effect can be efficiently suppressed by building pairs of antiferromagnetically exchange-coupled skyrmions in trilayer systems, where the Magnus forces on the two skyrmions are cancelled due to opposite topological charge [47] .
Considering the opposite for skyrmion and antskyrmion, we propose that the transverse motion of a current-driven ferromagnetically coupled antiskyrmion-skyrmion pair can be eliminated as well (see the sketch of the structure in Fig. 6(a) 
VII. Conclusion
In summary, we have studied the effect of anisotropic antisymmetric exchange interaction on the chiral spin textures by numerical simulations. We find that magnetic antiskyrmions can be stabilized in nanodisks in the presence of anisotropic interfacial DMI. A phase diagram of chiral spin textures is shown, including skyrmion and antiskyrmion in the disk, in the absence of applied magnetic field.
Current-driven propagation of antiskyrmions contains a transverse component due to the Magnus force associated with the topological charge, opposite to the transverse motion of skyrmions.
Moreover, the antiskyrmion Hall angle strongly depends on the direction of the applied current with respect to the in-plane spin structures of antiskyrmions. This constitutes a new degree of freedom to manipulate the trajectories of chiral spin textures, and enables the design where antiskyrmion propagation is free of transverse motion. We further show that coupling an antiskyrmion-skyrmion pair in a trilayer structure is an alternative approach to suppress the topological charge-associated
Magnus forces. These results may trigger experimental efforts to explore antiskyrmions, and the current-driven dynamics of antiskyrmions has exciting potentials for novel functionalities.
VIII. Methods

A. Micromagnetic modelling
In this study, we considered a 0.4-nm-thick perpendicularly magnetized cobalt film grown on a substrate inducing anisotropic DMI. In a continuous magnetization model, the DMI energy can be expressed as:
where , , are the components of the unit magnetization. and are area unit energy densities related to the strength of 1 and 2 shown in Fig. 1 , with a 1/ proportional factor, where is the atomic lattice constant and is film thickness [11] .
B. Simulations of the ground state
The simulations of this finite micromagnetic system were done using the modified OOMMF code including the anisotropic DMI [58, 59] . We first investigated the relaxed state of an 80nm wide, 0.4nm thick nanodisk on a substrate in zero field. We used perpendicular magnetic anisotropy To obtain the total energies of the quasi-uniform states, antiskyrmion states and 2-rotation states as a function of , as summarized in Fig. 2(a) , we first set initial spin configurations corresponding to these states and then relax the system to the final states. To obtain the phase diagram in ( , ) space shown in Fig. 3(a) , we initially set the magnetization in the central 20nm diameter region along the + direction and set the magnetization outside of the 20nm diameter along the − direction, and then relaxed the magnetic system from the initial state by solving Landau-Lifschitz-Gilbert (LLG) equation step-by-step.
C. Simulations of current-driven skyrmion/antiskyrmion propagations
To simulate current-driven motions of skyrmions and antiskyrmions by the vertical injection of spin current (as it occurs by spin Hall effect in magnetic films grown on heavy metals with large spin
Hall angle), we used the OOMMF code including extra torques terms added to the LLG equation [11, 59 ]:
where 1 is the in-plane torque and 2 is the out-of-plane torque with 1 and 2 being torque magnitudes. ̂ is the unit vector along the magnetization axis, ̂ is direction of the current polarization vector and is the gyromagnetic ratio. As shown in Ref. 11, for films thinner than the absorption length of spin transfer, incomplete spin transfer of the injected spin current can be taken into account by a renormalized spin polarization P, and we used the value of P=40% in our simulations. In simulations of current-induced motion of skyrmions and antiskyrmions, the unit cell is 1 × 1 × 0.4nm 3 .
For current-induced motion in nanotracks, the cross-section of the nanotrack is 40 nm × 0.4 nm. To obtain antiskyrmions and skyrmions with reduced diameters, the anisotropy in this simulation was set to 0.8 MJ m −2 . A spin current polarized along the +y direction is injected from the heavy metal layer along the z direction to the Co layer due to the spin Hall effect [11, 60] . To simulate the antiskyrmion Hall effect under various applied current directions, we used a sufficiently 
